We studied the eastern cave bat (Vespadelus troughtoni) in northern New South Wales to provide ecological information on roosts and foraging. Radio-tracking of five bats was supplemented with opportunistic visits to roosts over five years. One male was radio-tracked and its roost was within a corrugated iron roof cavity of a dairy. Maternity roosts were located in the overhangs of large sandstone caves usually containing a dome at the rear. Searches of nearby cliff-lines found that small caves, crevices and overhangs were not used as day-roosts. Nor did any radio-tagged bat roost in tree hollows. Colony size of one tight roosting cluster was estimated as 240 individuals. Radio-tagged bats frequently switched roosts, while opportunistic visits over a five-year period often found caves unoccupied. Most movements between roosts were within 1.5 km, although one female moved about 3.75 km between roosts. One radiotagged female shifted roost to beneath the corrugated iron of a farm-shed that supported at least 50 bats, predominantly females with young. Observations of foraging radio-tagged and lighttagged bats were frequent along a stream lined with trees, but surrounded by cleared paddocks. Foraging was observed in the air space above the creek, interspersed with occasional rapid flights across paddocks (> 500 m). We suggest that a key requirement for V. troughtoni in the rural landscape is the presence of native vegetation in close proximity to roosts, although extensive forested areas may not be required. Education of local communities about the sensitivity of these bats at cave roosts would be an important contribution to their conservation.
A good knowledge of the autecology of threatened species is required to diagnose causes of decline, identify critical habitat and develop effective management actions (Caughley 1994) . Without this knowledge, recovery or other management plans amount to little more than guesswork. This situation is particularly pertinent to Australian bats as many species suffer from a complete lack of systematic ecological studies. Fundamental to improving the conservation of bats is an improved understanding of patterns of roost use. Bats roost in a variety of structures and these are selected on the basis of protection from predators and/or a suitable microclimate that optimizes the bats' energy budget (Kunz and Lumsden 2003) . However, it is not only important to understand roost ecology, but also where different species forage in relation to roosting areas (Law 1993; Law and Anderson 2000; Lumsden et al. 2002) .
The eastern cave bat (Vespadelus troughtoni) is a small bat with primarily a tropical distribution that ranges down the east coast of Australia from Cape York in Queensland to at least the Sydney Basin in New South Wales (NSW) (Churchill 1998; B Law, unpubl. data) . Parnaby (1995) describes it as "one of the least known species of its genus in eastern Australia; little is understood of its biology". The bat roosts in small groups in sandstone overhang caves and occasionally in buildings (Churchill 1998), although Schulz (1998) recorded small groups roosting in the nests of fairy martins (Hirundo ariel) beneath bridges. Calaby (1966) describes colonies of "the Little Bat (Eptesicus pumilus)" from mines and wind blown caves in the tributaries of the upper Clarence River, northern NSW. Given that Calaby wrote well before the taxonomic revision of these bats (Kitchener et al. 1987) , it is now apparent he was referring to V. troughtoni. The species is listed as 'Vulnerable' on the NSW Threatened Species Conservation Act 1995.
Our study attempted to relocate colonies of V. troughtoni in the upper Clarence River of north-east NSW, the area where Calaby (1966) collected specimens 30 years previously. The aim was to collect basic ecological information on the bat using radio-telemetry to identify local roost caves and investigate the potential use of tree hollows as roosts. In addition, we estimated colony sizes and described aspects of the foraging behaviour and movements of these bats. We visited a number of roosts over a fiveyear period allowing us to describe consistency of roost use.
METHODS

Study site
The study was undertaken on private property at 'The Gorge Station', 5 km south-west of Bonalbo in northern NSW (28° 45' S, 152°40' E). The property lies in a valley leading westwards to the Clarence River and is bounded to the east by the sclerophyll forests and rainforests of the Richmond Range. The property has primarily been managed for cattle grazing, although currently a farmstay/ecotourism venture operates. Although most of the valley has been cleared for grazing, much of the slopes remain forested. Forests consist of dry sclerophyll species, including spotted gum (Corymbia variegata) and white mahogany (Eucalyptus acmenoides), with occasional patches of wet sclerophyll (Eucalyptus microcorys, Lophostemon confertus, Araucaria cunninghamii) and rainforest. Kangaroo Creek Sandstone is the predominant parent geology.
Roosts
Initial searches for caves along cliff-lines were made at Bonalbo in November 1999. Potential caves were inspected for roosting bats or their sign (i.e., droppings). Colony composition was determined by catching samples of roosting bats from two colonies (one in 1999 and the other in 2000) with a hand-held net (n = 34). Bats were weighed, forearms measured and reproductive condition assessed. Females were classed as breeding if they were pregnant (foetus palpated) or lactating (nipples exposed and naked, milk visible in mammary gland) and males were considered to be in breeding condition if testes were enlarged.
More detailed observations of roosting behaviour were collected by radio-tracking five bats. Bats were captured in harp traps set on flyways and adjacent to caves from 20-26 th November 2000. Single stage transmitters weighing 0.35 g, with a 20 cm antenna, were glued with Vetbond (3M) mid-dorsally to the bats. Daily location of roost sites involved searching for radio-signals from a vehicle and tracking signals with a hand-held directional antenna to their source. We reduced disturbance to roosting bats by minimising the use of torches, avoiding loud talk and by not catching roosting bats if radio-tagged bats were present. Where the exact roost location could not be found, triangulation was used to obtain an approximate roost location. Additional searches of cliff-lines were carried-out on foot and where necessary, caves high on cliffs were accessed by abseiling. GPS locations of roost sites were plotted onto a local site map using Arcview (Esri, California). Caves were described according to their dimensions and aspect. Dimensions were measured as opening height and width, internal depth and height.
To obtain information on the dimensions of additional roosts, caves were also visited at Mount Belmore State Forest (29° 03' E, 152° 47' E), 38 km south of the main study area. These roosts were discovered on 18 
Roost colony size estimates
To estimate colony sizes of clustered bats in low light we used infrared digital photography (Sony Digital Video Recorder DCR-TRV11E -photo night shot). This avoided disturbance to the bats from lights and flash photography. Still images were imported to a GIS program (ARC View Version 3.1) for analysis. The forearm lengths of adult bats (using the mean from our captures) were used to calculate a scale for the images. Total area of the cluster was calculated by drawing a polygon around the perimeter of the cluster. Average density of bats (bats/m 2 ) was calculated by counting outlines of individuals from zoomed-in sections of the cluster. The area of these zoomed-in sections was calculated the same way as for total cluster area. Average density multiplied by the total cluster area was used to give an estimate of total bat numbers. No attempt was made to estimate colony composition from images.
Foraging movements of bats
Movements at night were determined from a combination of techniques. Radio-tagged individuals were tracked from vehicles, on foot and from fixed receiving stations. Positions of bats (~ + 50 m) were then plotted using GIS, so that maximum nightly movements from roost sites could be determined. Direct observations of foraging bats were made by following bats carrying mini-light tags. These were glued with Vetbond mid-dorsally to the bats. General habitat type (forest, paddock, riparian), foraging behaviour and length of observations (min) were noted.
RESULTS
Preliminary observations
On 6th November 1999, two sandstone caves were inspected at Bonalbo. Both contained V. troughtoni, with colonies of > 100 bats found roosting in small avons or depressions in a well-lit large cave (known locally as Dingo Cave; Fig. 1 ). The caves faced north-west and were surrounded by open, dry C. variegata forest, but they were only 100 m from cleared paddocks. A re-inspection of these caves two months later found that they were unoccupied with no fresh droppings, but that bats were occupying a third, small cave < 50 m away (Middle Cave). A colony of at least 50 bats was observed roosting 0.7 m above the ground.
Morphometrics of bats (n = 34), caught mostly at roosts, in both early November 1999 and late November 2000 are shown in Table 1 . Females were mostly pregnant in early November and were lactating in late November. One female had two young attached, while another four had a single young attached. Just one male out of 18 bats was caught from a maternity roosting cluster in November 1999. 
Males
Foot searches for roosts
Further searches of potential roosts were undertaken at Bonalbo in November 2000. During 5 km of cliffline searches no signs of bats were visible in the numerous overhangs, small caves and cracks searched (Fig. 2) . On the eastern slope of Briggs Gully four substantial caves, each about 3 m wide, had bat droppings, but no major accumulations. Another larger cave in this area that was accessed by abseiling possessed a major accumulation of droppings across the entire floor of the cave, although droppings were not fresh and no bats were present ( 
Radio-tracking
Bat captures
In November 2000 near Bonalbo, capture success in harp traps set on flyways was low. Just one V. troughtoni was caught in 20 trap nights on flyways (0.05 success rate). Five other species were caught in harp traps, including the goldentipped bat (Kerivoula papuensis), eastern horseshoe bat (Rhinolophus megaplyllus), eastern forest bat (Vespadelus pumilus), little bent-wing bat (Miniopterus australis) and broad-nosed bat (Scotorepens sp.).
Dingo Cave (Fig. 2) and three adjacent caves where V. troughtoni had been found roosting previously (November 1999; January 2000) were unoccupied at this time. At night a male circled Dingo Cave regularly, before we caught it in a handheld net and fitted a transmitter. On the same night a female was observed to deposit two babies on the roof of Dingo Cave. The female then departed to forage before returning to retrieve them within 10 min. A harp trap set in the cave on the following night captured eight reproductive females in the first hour after dark. Four of these lactating females were fitted with radio-transmitters.
Roosts
The radio-tagged male (1620) was found to roost in a ceiling cavity under a corrugated iron roof of a dairy, 1.4 km from its capture point (Fig. 2) . The roosting bat could not be sighted, but its emergence at dusk was observed on one evening. The bat left its roost at 1950 hours just prior to dark (~2000 hours) and no other bats were seen exiting. The male roosted in this location for six consecutive days.
On 23/11/00, the four radio-tagged lactating females (1339, 1380, 1600, 1538) plus one pregnant female with a cyalume light tag were all located in a substantial sandstone cave (Briggs Gully Cave, Fig.  2 ; Table 2), 0.6 km from their capture point in Dingo Cave. The gully was extensively overgrown with lantana, including the entrance to this cave, although small gaps allowed bats to enter and exit. Welcome swallows (Hirundo neoxena) were also nesting in the cave and two eastern bent-wing bats (Miniopterus schreibersii) were roosting in the cave. The V. troughtoni roosted together in a large cluster (see below) on the shadowed, vertical wall of an internal dome ( Table 2 ). The cave was dim enough to require a torch to see the roosting bats. Extensive guano deposits were present. An adjacent cave, slightly smaller in size, but with a more open entrance contained scattered bat droppings, but roosting bats were absent. H. neoxena also nested in this cave.
On the following days only one (1380) of the radio-tagged females continued to use Briggs Gully Cave (n = 4 days), while the other bats shifted roosts to new locations. The movement of radio-tagged bats was unlikely to be caused by our visit as the cluster size (see below) remained approximately the same for the next three days as well as 10 days later when a data-logger was retrieved. The movements of the other bats are outlined below. No radio-tagged bats were observed to roost in tree hollows.
Female 1380; used Briggs Gully cave for three consecutive days, but shifted roost on 26/11, the final day of our field trip. We were unable to locate the bat on this day. Female 1339; on 24/11 moved from Briggs Gully Cave to a large (10 m x 30 m) 3-sided corrugated iron farm-shed (Shed, Fig. 2) 1.1 km from Briggs Gully Cave. It was clustered with many other bats in the roof joists, 5 cm below the iron roof. Ten separate joists were occupied by bats, although only three had clusters of bats. The remainder had single bats. Young bats suckling from females were clearly visible indicating that this was a maternity roost. Captures at one cluster on 25/11 revealed only females with single young attached (n = 7), while single roosting bats were probably males. All adults left this roost at 1955 hours and were observed hawking mosquitoes from the adjacent area before departing. Clusters of babies (> 10 individuals) were left behind in three joists. Bat number 1339 and many other females returned to the shed on at least one occasion later that night (2330 hours) to cluster with young, but it had shifted roosts later in the night and could not be found on 25/11. On 26/11 it was relocated in an area previously searched on 25/11. It was found in a small cave (entrance ~2 m wide x 1.5 m high) 20 m high on a cliff (NNE aspect) (Small Cave Roost, Fig. 2 ). Access was via abseiling, but entry into the cave was not possible. A pile of guano was visible at the rear of the cave, but roosting bats were not visible because of the presence of a rear dome. We continued to monitor the shed roost after this bat had left and it remained occupied by a similar number of bats 10 days later when a final check was made.
Female 1600; on 24/11 it shifted roost from Briggs Gully Cave to a new roost about 3.5 km from where the bat was originally caught. This roost was not precisely located due to inaccessibility of the property, although a general location as determined by triangulation of its signal is shown in Fig. 2 . It was occupied for at least the next two days. We confirmed that the transmitter had not been dropped by recording the bat foraging each night on 'The Gorge Station' prior to returning to this roost.
Colony size
We estimated the colony size at two roosts. The single cluster of bats in the dome of Briggs Gully Cave occupied the approximate dimensions of 0.37 m x 0.60 m with an estimated total area of 0.218 m 2 . Three counts gave an estimated density of 1096 bats/m 2 . Based on these calculations the cluster contained approximately 240 individuals. This count does not include non-flying juvenile bats. The number of adults using the shed roost was estimated to be about 50 bats, as there were 10 -15 adults in each of the three clusters plus about 10 individual roosting bats.
Movements and foraging behaviour
Most distances between roosts were < 1.5 km from each other and their original capture locality. One female (1600) moved about 3.75 km between roosts. Observations while bats were foraging revealed that V. troughtoni moved over a small area. One male (1620) was recorded foraging over the property on each night for five consecutive days. It was not recorded outside a relatively small area of 33 ha (Minimum Convex Polygon), between its roost in a dairy shed and its capture locality in Dingo Cave (Fig. 2) , which it frequented regularly. The bat was often recorded along Gorge Creek, where a narrow stand of riparian vegetation (mainly river oak Allocasuarina cunninghamiana) was surrounded by cleared paddocks. At least two radio-tagged females (1380, 1339) were also frequently recorded in the vicinity of this creek. One (1380) was noted to fly directly across a cleared paddock to nearby native vegetation on a hill-side. Females made periodic visits back to their maternity roosts during the night, as mentioned above for 1339.
More precise observations were recorded for a light-tagged male caught on this creek. Visual contact with this bat was maintained for 1 hr, during which it spent about 95% of its time foraging along the creek near its capture locality. Foraging was usually < 10 m above the water, mostly in the air-space above the water, rather than surrounding vegetation. Circular and "back and forwards" flights focused on small lengths of the creek 20 m long. These patches were changed frequently within a stretch of about 200 m, although 30 min of continuous flight was spent at one small patch. Twice in this period of observation, the bat left the creek and flew directly across a cleared paddock to a stand of hill-side vegetation. It remained in the hill-side vegetation for 5 min on its first visit before returning to forage again along the creek. It was lost in hill-side vegetation on the second visit. The distance of cleared paddock traversed was 500 m.
Fidelity to roosts between seasons and over years
Roost fidelity was generally low, as determined by opportunistic visits over a five-year period (Table 3) . For example, Dingo Cave was visited six times over the course of five years and was found to be occupied only twice (Table 3 ). In 2003, > 100 bats were roosting in a one cm wide horizontal crevice at the rear of the cave, rather than in the small avons as in 1999. Briggs Gully Cave was visited four times and it was also found to be occupied twice. It was apparent that when Dingo Cave was occupied, Briggs Gully cave was not, suggesting that the local population switch between these two key sites. Use of the Shed roost was very different in that it was occupied on every visit after its discovery (Table 3) .
DISCUSSION
Natural roosts of V. troughtoni in our north-east NSW study area were in deep, but not always large, sandstone caves (e.g., 1.5 m wide, 4 m deep and 1 m high) that were relatively well lit (Fig. 2) . Similar features were evident in roosts inspected at nearby Mt Belmore State Forest. A rear dome was a typical feature of the cave roosts, although this varied from just 1 -7 m high. Numerous small caves, overhangs and crevices were present in the study area, but these were not found to be used as roosts. Nor did any radio-tagged bat roost in tree hollows. We documented use of caves in the maternity season, while Calaby (1966) Table 3 . Roost fidelity at five roosts near Bonalbo over a five year period. ? indicates that the roost was not checked in that month. 1 indicates that < 5 V. troughtoni were present.
roosting bat and deep subterranean-roosting species. Unlike other cave-roosting species that tend to be faithful to their roost within a season (Dwyer 1966), V. troughtoni females changed roosts regularly. This was evident both from repeated visits to caves between years and also for radio-tagged individuals over a number of days. The more detailed short-term observations indicated that individuals moved between roosts, even though the roost sometimes continued to be used by other bats. Observations between years indicated that there were times when a cave was not used by any bats, even though it had been used in the same season on other visits. Frequent roost-switching is similar to that of treeroosting Vespadelus (Law and Anderson 2000) , treeroosting microchiropterans in general (Lewis 1995) and bats roosting in rock crevices (e.g., Eptesicus fuscus, Lausen and Barclay 2002) . However, both tree and crevice roosts are usually vacated by all bats every few days (Lausen and Barclay 2002; Kunz and Lumsden 2003) . Individually, V. troughtoni displayed such fluidity, although the sites themselves were occupied more consistently in the short-term, but not the longer-term as with deep subterraneanroosting species.
This pattern of roost-shifting is partially consistent with the fission-fusion model proposed for tree-roosting bats. In this model, roost-switching behaviour is considered to maintain long-term social relationships between individuals from a colony spread across a number of roosts (Willis and Brigham 2004) . However, this model of roost-switching is not expected for species where roosts are large enough to support the majority of the local population; i.e., caves. While there was no evidence that the relatively large caves used by V. troughtoni in our study restricted the number of bats roosting within, it is possible that the behaviour has persisted from the presumed ancestral condition of tree-roosting, which is prevalent in the Vespadelus genus. Moreover, sandstone caves might often be smaller in other regions where this species occurs and if so, the number of bats roosting in smaller caves could be limited by space.
One possible reason for the use of caves as a roost is the selection of a specific microclimate. Selection of thermally stable maternity roosts with warmer than ambient night-time temperatures has been demonstrated in crevice-roosting (Chruszcz and Barclay 2003; Lausen and Barclay 2003) and some tree-dwelling species (Sedgeley 2001) . Thermal stability is considered to be important because juveniles are left behind in the roost at night, so buffered roosts that are warmer than ambient at night could reduce the costs of thermoregulation, potentially allowing faster growth (Kunz and Hood 2000) . However, we found many breeding females also used an artificial roost beneath corrugated iron in a shed. We consider that these bats actively selected this roost because space was not limiting the cluster size of roosting bats in Briggs Gully Cave. Detailed measurements of microclimate in the shed and nearby caves will be reported elsewhere, but it is clear that conditions in the shed roost are much more extreme than caves during both the day and night (B. Law and M. Chidel unpubl. data) . Zahn (1999) found that Myotis myotis in Germany also preferred thermally labile house roosts to more buffered "cavelike" roosts. For these two species it appears that microclimate stability is of low importance in maternity roost selection. The strategy appears to be successful for the early stages of reproduction in V. troughtoni as 100% of sampled females were reproductive, although this is not unusual for vespertilionids from latitudes below 33 o (Barclay et al. 2004) .
Conservation implications
A maternity colony estimated at 240 bats (assumed to be females) plus young at Briggs Gully Cave in 2000 is consistent with the subjective estimates of colony size observed at Dingo Cave in 1999 and again at both of these caves in 2003. At least 50 bats were also roosting in the Shed each time it was inspected. Assuming an equal sex ratio, an estimate of V. troughtoni's population size for the surrounding area would be at least 580 adults. This is likely to be a minimum as two further maternity roosts were known, but could not be accessed to count bats. The area of the upper Clarence River is probably a stronghold for the species in NSW as similar caves were visible along sections of the adjacent Peacock Creek valley and presumably would be found throughout areas of underlying Kangaroo Creek sandstone (e.g. Mt Belmore State Forest). Calaby (1966) found that most colonies were small and varied from 6-50. However, he did not survey during the maternity season, when the largest aggregations would be expected. His greatest colony estimate was of 500 individuals and this was located in a well-lit area at the entrance to an old mine tunnel. Schulz (1998) suggested that V. troughtoni is more widely distributed than previously thought because of roosts found in Fairy Martin nests beneath bridges. However, no breeding colonies were found by Schulz. Moreover, V. troughtoni was not recorded in the extensive survey of forests in north-east NSW (NSW NPWS 1994), suggesting that forests without natural roosting sites (caves or large rock overhangs) do not provide habitat for this species. Surveys for V. troughtoni should target areas of sandstone, which occur extensively in NSW, and include searches of large sandstone overhangs and harp-trapping immediately adjacent to caves or cliff-lines. Based on its selection of hot roosts (e.g., beneath corrugated iron shed) and a tropical distribution, we predict that the species is most likely to be found in warm climates, with an increasing reliance on hot, northwesterly aspects in the southern parts of its range.
A key requirement for V. troughtoni in the rural landscape is the presence of native vegetation in close proximity to roosts to provide foraging habitat, although extensive forested areas may not be required. Limited observations of foraging V. troughtoni indicate that cleared paddocks are regularly crossed, but that vegetated riparian areas, even narrow corridors of trees along creeks, provide very important habitat. Other species of Vespadelus maintain high activity levels in remnant vegetation, even at paddock trees (Law et al. 1999 . Potential costs of persisting in a fragmented landscape could be investigated with a study contrasting population attributes at Bonalbo with cave roosts in the forested Mt Belmore State Forest.
The vegetation immediately around a roost was not an important attribute for roost selection. The maternity roost in the roof of the farm-shed clearly lacked vegetative cover, although natural cave roosts were within forest. It is interesting to note that a low intensity fire in March 2002 burnt dense lantana growing in Briggs Gully, including around the cave entrance. The cave was unoccupied two months later in May and on the next visit 19 months later in November 2003, but in the following month a large colony was present. Vegetative cover around the cave entrance had not recovered by this time. It is unknown whether predation is higher at open or artificial roosts.
Finally, minimisation of human disturbance to bats at roost sites is likely to be an important management action. V. troughtoni is probably tolerant of minor disturbances to their roosts because they naturally move between roosts regularly and they continued to occupy the roof of a working farm shed. However, if approached too closely the bats take flight and if the roosts are easily accessible, there is the risk of direct mortality or injury from ignorant people. Clearly there is an important role for education in areas where the species occurs, highlighting the sensitivity of bats at their roost and their ecological role as important consumers of insects.
